Introduction
α-Gel sometimes also called α-type hydrated crystal is a type of self-assembly formed by surfactants with water. The α-gel has a lamellar layered structure, similar to a lamellar liquid crystal. The difference between α-gel and lamellar liquid crystal is the mobility of hydrophobic chains. The hydrophobic chains within the α-gel structure are hexagonally packed 1 4 . This structure is usually transformed to thermodynamically stable precipitates such as β-or γ-crystal with time 5, 6 .
α-Gels play an important role in stabilizing oil-in-water emulsions owing to their high viscoelastic nature. Therefore, α-gels are extensively used in personal care, food, and pharmaceuticals 7 12 . Many studies have investigated the formation and stabilities of α-gel, and reported that α-gels are generally formed in ternary mixtures of ionic surfactant, fatty alcohol long-chain alcohol , and water 7 11 . The α-gel phases are seen in specific temperature and concentration regions depending on the surfactant s nature. Fatty alcohol does not form thermodynamically stable α-gels with water; instead, it immediately and spontaneously transforms to β-or γ-crystal in water at 25 . Binary mixtures of surfactant with water sometimes yield α-gels. For example, octadecanoic acid salts with Cs or Rb can form α-gels 13 . However, it is not possible to use certain materials in personal care products because they are unsafe to human skin. Alkyl phosphates are commonly used in cosmetics and detergents as mild surfactants for the human skin. The salt of monohexadecyl phosphate C16MP with L-arginine Arg forms an α-gel with water even in the absence of fatty alcohol 14 . The detailed phase behavior, however, has not been studied. Therefore, in this study, we focus on the phase diagram of the C16MP-Arg water system. We also demonstrate the physicochemical properties of the α-gel through small/wide-angle X-ray scattering SWAXS and differential scanning calorimetry DSC analyses.
and then recrystallized from a mixture of heptane and methanol. The purity of 1-hexadecanol was 98 as per the supplier s information Kao ; hence, we assumed that the distribution of the alkyl chain length has a negligible impact on the phase behavior. We confirmed the structure through FT-IR measurements, i.e., 1635 cm 1 PO-H, deformation vibration , 1160 cm 1 P O, stretching vibration , and 1060 cm 1 P-O, stretching vibration . The mono-alkyl content was estimated to be 90 on the basis of potentiometric titration data. Arg was purchased from Junsei Kagaku and used without further purification. The water used in this study was deionized with a Barnstead NANO Pure DIamond UV system and filtered with a Millipore membrane filter pore size 0.22 μm .
Sample preparation
Appropriate amounts of each material were put in a glass vial at room temperature. The molar ratio of C16MP:Arg was fixed at 1:1 at each concentration. The system was heated to 80 and mixed at 3,000 rpm using a vortex mixer, followed by centrifugation at a constant rotation speed of 2,000 rpm using a Kokusan H11-NB centrifuge. This heating-mixing-centrifugation cycle was repeated thrice, after which the system was equilibrated for 1 week in an incubator set at a constant temperature 25 .
Measurements
Polarized optical microscopy POM observations were performed at room temperature using an Olympus IMF-2 microscope.
DSC measurements were carried out using a Rigaku DSC8230 calorimeter. The samples were introduced in an aluminum vessel and the vessel was then sealed. The measurement conditions were scanning rate 1 min 1 , scanning range 0-80 , and sensitivity 0.1 mcal s 1 .
SWAXS measurements were performed using an Anton Paar SAXSess camera equipped with a PANalytical PW3830 laboratory X-ray generator, multilayer film Goebel mirror, block collimator, semitransmissible beam stop, TCS120 temperature controller, and an imaging plate detector. The apparatus was operated at 40 kV and 50 mA using Cu-K α X-rays wavelength of 0.154 nm . The X-ray irradiation time was fixed at 20 min. Because of the translucent beam stop, the raw scattering data consistently included a reduced primary intensity at scattering vector q 0. All data were normalized to the same incident primary-beam intensity for transmission calibration. The d-spacing value was calculated as d 2π/q.
Results and Discussion
The visual appearance of each sample is shown in Fig. 2 as a function of water concentration. These samples were stored at 25 for 1 week after preparation. As shown in this figure, gelation occurred throughout the sample when the water concentration was less than 90 wt . When the water concentration was above 95 wt , two-phase separation was visually observed: one was a gel-like turbid phase and the other was an isotropic solution L 1 phase. POM confirmed that the gel-like turbid phase did not experience phase transition to coagel precipitates for at least one year. This suggested that the separated gel-like turbid phase was stable within this time frame. The increase in temperature yielded isotropic solutions for C16MP-Arg samples prepared at high water concentrations 90 wt . In this situation, we also observed flow-birefringence i.e., L 1 phase at water concentrations of 90-95 wt .
SWAXS measurements were carried out to characterize the gel-like turbid phase. Typical SWAXS data obtained at various water concentrations are shown in Fig. 3 . All results showed several peaks in the small-angle region. The q value ratio of these peaks was calculated as 1:2:3, indicating the formation of a lamellar structure even at high water concentrations.
In the wide-angle region, a sharp peak was observed at q 15 nm 1 in all samples. This sharp peak indicated the hexagonal packing arrangement of the hydrophobic alkyl chains 9, 15 18 . The peak position was almost unchanged at these water concentrations. This suggested that the degree On the basis of these results, we confirmed that the gellike turbid phase observed in Fig. 2 was an α-gel phase. In general, anionic surfactants have a Krafft temperature. Their critical packing parameter is relatively small, and hence, anionic surfactants tend to form either coagels or spherical micelles. C16MP-Arg formed α-gel over wide water concentration, and this is a rare case for an anionic surfactant.
The long-range d-spacing value was calculated from the first peak position in the SWAXS pattern. The calculation results are shown in Fig. 4 . The increase in water concentration resulted in longer d-spacing. This means that the increase in water concentration increased the thickness of the water phase between C16MP-Arg bilayers. Figure 5 shows typical DSC results obtained for the C16MP-Arg water system. Endothermic peaks, suggesting phase transitions, were detected at 50-60 for these samples. These phase-transition temperatures gradually shifted to lower values with increasing water concentration see also Table S1 . This was similar to that reported by Watanabe et al. 9 . A small endothermic peak was also observed at 53 in the low-water-concentration region e.g., at 10 wt . As shown in Fig. S1 , an α-gel phase with two different d-spacings was observed at 57 at a water concentration of 20 wt . This temperature was between the two endothermic phase-transition temperatures detected by DSC measurements. SWAXS measurements were performed at high temperatures to understand the phase diagram of the C16MP-Arg water system. SWAXS results obtained at 65 above the phase transition temperature are shown in Fig. 6 , where the data obtained at two water concentrations 30 and 60 wt are given. In the region below water concentration 47 wt i.e., 30 wt in Fig. 6 , a few peaks appeared at q ratio 1:2:3 in the small-angle region. Furthermore, a broad peak was detected at q 13 nm 1 . In the water concentration region over 58 wt i.e., 60 wt in Fig. 6 , the q value ratio in the small-angle region was calculated as 1: 3:2. These samples showed a broad peak at around q 13 nm 1 . These suggested that the increase in temperature led to phase transitions in the lamellar liquid crystal 19 below water concentration of 47 wt , and to the hexagonal liquid crystal above water concentration of 58 wt . In the middle-water concentration region 48-57 wt , these two liquid crystals coexisted, as shown in Fig.  S2 . The combination of SWAXS, DSC, and visual observation results summarized the phase diagram of the C16MP-Arg water system Fig. 7 . C16MP-Arg could form an α-gel over wide ranges of concentrations and temperatures. As shown in Fig. 4 , the long-range d-spacing of the α-gel increased with increasing water concentration at a given temperature 25
. This behavior was similar to that seen in reported α-gel systems 9 . Although C16MP-Arg is an anionic surfactant, phase transition to a coagel was not observed over the entire range of temperatures investigated. The C16MP-Arg salt formed a lamellar assembly rather than spherical micelles even at high water concentrations. In other words, the C16MP-Arg salt preferentially forms a lesser positive-curved aggregate rather than a greater positive-curved aggregate. We suggest that the balance between the hydrophilic and hydrophobic volumes of the amphiphilic molecules is a key factor for obtaining a stable 
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α-gel over wide ranges of concentrations and temperatures. The relatively large volume of Arg relaxed the alkyl chains of C16MP and prevented them from crystallizing in this system. The aqueous phase behavior of the C16MP potassium salt has also been reported elsewhere 14 , where an α-gel phase was seen in a limited concentration-temperature region, and a coagel phase was seen over the entire range of concentrations at 25 . This indicated the importance of the counterion on phase behavior. Finally, we discuss the stability of the α-gel system. Water was gently poured on C16MP-Arg salt solid state , and the mixture was visually observed for 2 weeks at a constant temperature of 25 . The water concentration was set at 90 wt . As shown in Fig. 8 , solid-state C16MP-Arg salt spontaneously swelled without shaking or heating and a gel-like phase appeared. The gel-like phase obtained was again characterized by SWAXS and DSC measurements. These measurements were performed immediately after the incubation time 2 weeks . The results are shown in 
Conclusions
We studied the phase diagram of the C16MP-Arg water system. The mixture could form an α-gel over wide ranges of concentrations and temperatures. The α-gel was thermodynamically stable at 25 , and did not transform to a coagel for at least one year. This behavior is unique among anionic surfactant systems. It seems likely that the relatively large volume of Arg relaxed the alkyl chains of C16MP and prevented their crystallization. We anticipate that the results of this study will be useful in cosmetics and personal care industries.
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